Abstract. Astragaloside IV (AS-IV) is a flavonoid from the plant Astragalus membranaceus (Fisch) Bge that has a wide range of therapeutic effects. The aim of the present study was to examine the effect of AS-IV on rats with necrotizing enterocolitis (NEC) under oxidative stress and inflammation. Newborn Sprague-Dawley rats were induced with NEC by asphyxia and hypothermia applied on 3 consecutive days. The rats were orally administered AS-IV at 25, 50 and 75 mg/kg for 4 days. The results revealed that AS-IV administration prevented NEC-induced decrease in the concentration of malondialdehyde and myeloperoxidase, and increase in the activity of glutathione (GSH) and superoxide dismutase in murine models. AS-IV also inhibited NEC-induced elevation in the levels of interleukin (IL) -6, IL-1β, tumor necrosis factor-α and nuclear factor (NF)-κB. The effects of AS-IV were achieved under inflammation and oxidative stress. Western blotting demonstrated that AS-IV substantially inhibited the phosphorylated (p)-IκBα, NF-κBp65, p-NF-κBp65 protein levels and increased vitamin D3 upregulated protein 1 (VDUP1) and IκBα protein levels. These data indicate that AS-IV may be effective in the protection of NEC-induced ileum degeneration by inhibiting the levels of inflammatory markers and oxidative stress via the regulation of the VDUP1/NF-κB signaling pathway.
Introduction
Necrotizing enterocolitis (NEC) is a severe gastrointestinal tract disease that affects newborn babies. Despite years of investigation, the etiology remains unclear, and accepted prevention and treatment strategies are lacking (1) . The immature intestinal barrier function and immune/inflammatory responses have been partly linked to NEC (2) . Loss of mucosal integrity due to a variety of factors (ischemia, infection and inflammation) and the host response to injury (circulatory, immunologic and inflammatory) are the leading causes of necrosis of the affected area (3) . In infants with NEC, a compromised epithelial barrier and immature immune response can lead to exaggerated inflammation and oxidative stress damage. The excessive inflammatory and oxidative stress is implicated in the pathogenesis of NEC (4) .
Vitamin D3-upregulated protein 1 (VDUP1) is a 46-kDa intracellular protein that was initially isolated in HL-60 cells, and its expression is upregulated by vitamin D3 administration (5) . VDUP1 interacts with the antioxidant thioredoxin; hence, it is considered to increase the vulnerability of cells to oxidative stress (6) . VDUP1 is upregulated by various stresses, including H 2 O 2 , irradiation, heat shock, serum starvation and transforming growth factor-β (7) . Although deficits in antioxidants and increased oxidative stress accompanying NEC rat have been directly implicated in the pathogenesis, a possible role for VDUP1 in the adverse outcomes accompanying NEC has not yet been investigated.
The nuclear factor (NF)-κB transcription factor family is a crucial mediator of the inflammatory process and is important in other processes, including cell development, growth, survival and proliferation. NF-κB can be activated by numerous stimuli including inflammatory factors, microbial molecules and genotoxic tension (8) . Recent studies have demonstrated the pathological involvement of the immune system in NEC (2, 9) . The levels of pro-inflammatory cytokines are increased in the intestines in NEC patients and animals (10) . It has also been reported that pro-inflammation may be significant in the pathogenesis of NEC (11) . In addition, correlative studies have demonstrated that antioxidants reduced NEC severity in in vivo experimental models (12) . There is a close association between oxidative stress and inflammation in NEC and we hypothesize that an increase in oxidative stress-derived inflammation is one of the primary mechanisms underlying the pathogenesis and progression of NEC.
Astragaloside IV (AS-IV) is a major saponin purified from Astragalus membranaceus (Fisch) Bge, and has been widely used as a herbal prescription in traditional chinese medicine for its anti-inflammatory, antioxidative, carioprotective and immune-system stimulatory activities (13, 14) . Recent evidence suggests that AS-IV is able to ameliorate ischemic brain injury, diabetic peripheral neuropathy, hepatic fibrosis and myocardial injury (15) . In addition, AS-IV has been demonstrated to inhibit the pro-inflammatory transcriptional factor, NF-κB, tumor necrosis factor (TNF)-α and mediate the p38 mitogen-activated protein kinase signaling pathway (16) .
However, the beneficial effect of AS-IV on NEC remains to be investigated. In the present study, we hypothesized that AS-IV, which has protective effects in an NEC murine model, may also be associated with the inhibition of inflammation and antioxidative effects (15, 17) . The present study was undertaken to evaluate the protective effects of AS-IVs and to elucidate the mechanism underlying these protective effects in rats.
Materials and methods
Materials. AS-IV (pure: 98%) was purchased from the National Institutes for Food and Drug Control (Beijing, China). The enzyme-linked immunosorbent assay (ELISA) kits for determination of interleukin (IL)-6 (cat. no. R6000B), IL-1β (cat. no. RLB00) and TNF-α (cat. no. RTA00) were purchased from R&D Systems (Minneapolis, MN, USA Animals. Animal experiments were approved by the Institutional Animal Care and Use Committee, Nanjing Medical University (Nanjing, China). A total of 40 Sprague-Dawley murine neonates (15 days old, 20-35 g) were used in the present study and kept under controlled conditions. The murine neonates were kept with their mothers in indistinguishable cages (1 cage per group of 10 neonates). Tap water and standard rodent food supplement were used to feed the mothers. During the study period, the neonates were fed freely on breast milk by their mothers. The experimental animals were maintained in a controlled environment (12:12±1-h light/dark cycle; temperature, 22±3˚C; relative humidity, 55%). Furthermore, the rats were allowed to acclimatize to the laboratory for ≥7 days under climate-controlled conditions. The experiments were performed in adherence to the guidelines for the Care and Use of Laboratory Animals of the National Institute of Health.
Experimental design. Experimental NEC was induced by asphyxia (breathing 100% nitrogen gas for 2 min) and hypothermia (4˚C for 10 min) twice daily for 3 consecutive days. Age-matched normal rats served as a control. Neonatal rats were divided into the following experimental groups (n=10 for all groups): NEC control rats treated with saline solution for 4 days (group 1), NEC rats treated with 25 mg/kg/d AS-IV for 4 days (group 2), NEC rats treated with 50 mg/kg/d AS-IV for 4 days (group 3) and NEC rats treated with 75 mg/kg/d AS-IV for 4 days (group 4). On the fourth day, the animals were sacrificed via decapitation, and the biochemical estimations were completed on the same day.
Histopathologic examination. To investigate the effects of AS-IV on the protection against NEC, hematoxylin and eosin staining (H&E) was performed. Upon sacrifice, the intestines from the rats in all of the groups were resected. For each tissue, corresponding blocks of H&E were scored (18) . Pathological changes in intestinal architecture were evaluated using the NEC histological injury scoring system described by Nadler et al (19) . The grading system was as follows: Grade 0, normal; grade 1 (mild), separation of villous core, without other abnormalities; grade 2 (moderate), villous core separation, submucosal edema and epithelial sloughing; and grade 3 (severe), denudation of epithelium with loss of villous, full-thickness necrosis or perforation.
GSH, MDA, SOD and MPO measurements.
Partial distal ileum tissue samples were taken and rapidly homogenized with ice-cold normal saline, and the tissue homogenate (10% w/v) was prepared for further biochemical experiments. SOD activity was assessed using the xanthine oxidase method by using commercially available kits and MDA content was quantified using a thiobarbituric acid assay with 1,1,3, 3-tetramethoxypropane as an external standard at 532 nm according to the manufacturer's instructions. GSH activity was measured with a dithio-dinitrobenzoic acid kit at the absorbance of 412 nm, and MPO activity was measured as previously described by Hillegass et al (20) . Each measurement was performed in duplicate.
Measurement of cytokine levels. Serum TNF-α, IL-1β, and IL-6 concentration were determined from samples performed in parallel and repeated three times using ELISA kits according to the manufacturer's instructions. The optical density of each well was read at 450 nm.
Quantification of mRNA expression. Total RNA was isolated from the intestinal tissue using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's instructions. Next, the gene expression levels of IL-1β, IL-6, TNF-α and the p65 subunit of NF-κB in the distal ileum were determined by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) with the use of a PrimeScript RT Reagent kit (Takara Bio, Inc., Otsu, Japan), StepOnePlus Real-Time PCR system (Thermo Fisher Scientific Inc.) and SYBR Premix Ex Taq II (Takara Bio, Inc.). The primers used have been reported previously (21, 22) . The specific PCR primer pairs (purchased from GenScript Corporation, Piscataway Township, NJ, USA) for the target genes were as follows: Glyceraldehyde 3-phosphate dehydrogenase forward, 5'-CCA TGG AGA AGG CTG GGG-3' and reverse, 5'-CAA AGT TGT CAT GGA TGA CC-3'; NF-κB forward, 5'-CAT TGA GGT GTA TTT CAC GG-3' and reverse, 5'-GGC AAG TGG CCA TTG TGT TC-3'; IL-6 forward, 5'-GGA GTT CCG TTT CTA CCT GG-3' and reverse, 5'-GCC GAG TAG ACC TCA TAG TG-3'; TNF-α forward, 5'-CCA CGT CGT AGC AAA CCA CCA AG-3' and reverse, 5'-CAG GTA CAT GGG CTC ATA CC-3'; IL-1β forward, 5'-TTG GGA TCC ACA CTC TCC AG-3' and reverse, 5'-AGA AGC TGT GGC AGC TAC CT-3. The following thermal cycling conditions were performed: 95˚C for 10 min; 95˚C for 15 sec; 60˚C for 30 sec; and 72˚C for 30 sec for 40 cycles. Samples were quantified according to the 2 -ΔΔCq method (23) .
Western blotting of the VDUP1/NF-κB signaling pathway. Distal ileum tissue samples were homogenized using radioimmunoprecipitation buffer (Beyotime Institute of Biotechnology, Haimen, China) and centrifuged (12,000 x g, 20 min, 4˚C) for western blot analysis. Equal amounts (50 µg) of protein were separated by a 10% SDS-PAGE gel, and transferred onto a polyvinylidene difluoride membrane using standard procedures (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Following blocking with 1% bovine serum albumin (Beyotime Institute of Biotechnology) in phosphate-buffered saline for 1.5 h at 37˚C, the blots were incubated for 1 h with the appropriate concentration of specific antibody at 37˚C, followed by horseradish peroxidase-conjugated anti-rabbit (1:5,000; cat. no. sc-2030) or anti-mouse (1:5,000; cat. no. sc-2302) secondary antibody for 1 h at 37˚C. After the bands were washed, the immune-reactive proteins were visualized by enhanced chemiluminescence reagent (EMD Millipore, Billerica, MA USA). The band intensities were quantified using the ChemiDoc MP system (Bio-Rad Laboratories, Inc.).
Statistical analysis. Data are reported as means ± standard error of the mean. Statistical analysis of the results was performed by one-way analysis of variance followed by Fisher's protected least significant difference using the statistical program StatView for Macintosh computers (Abacus Concepts, Berkeley, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Effect of AS-IV on the incidence of NEC.
In the present study, the severity of the histological changes of the ileal segments and the incidence of NEC in all of the groups were determined using a scoring system between 0 and 3. The histologic grading of intestinal injury is presented in Table I . In the normal control group, no evident histological alteration was observed in the ileal specimens. By contrast, ileal tissue samples obtained from the NEC group rats demonstrated significant pathological changes, such as pneumatosis intestinalis, fragility, edema, discoloration and weakness of tissue integrity. However, NEC rat pathological changes were significantly ameliorated by AS-IV as demonstrated in the representative images, particularly at a high dose (75 mg/kg; Fig. 1 ).
Antioxidant parameters. The GSH levels in the NEC group were significantly lower, as compared with the controls (P=0.0004).
Following treatment with AS-IV, the GSH levels in three treatment groups were increased. The 75 mg/kg group was closest to the mean value in the normal control group, which represents a significant increase in the GSH levels (P=0.0094; Fig. 2A ).
In the NEC group, the tissue SOD activity was significantly increased compared with the normal group (P= 0.0088; Fig. 2B ).
In comparison with the model rats, AS-IV supplementation in NEC rats prevented an increase in SOD levels, and the values in the AS-IV-treated NEC rats were significantly reduced compared with the model rats in a dose-dependent manner.
As shown in Fig. 2C , in the model group MDA levels were significantly increased, and this effect was gradually recovered by AS-IV treatment; the AS-IV group presented the lowest MDA levels compared with the dose treatments in the 75 mg/kg dose group (P=0.0087). Furthermore, MPO levels were elevated by >85% (P=0.0097; Fig. 2D ) in the NEC group compared to the age-matched normal control rats. Fig. 3 , TNF-α (P= 0.0098), IL-1β (P=0.0031) and IL-6 (P=0.004) levels were observed to be significantly increased in the NEC group compared with the normal group. AS-IV (50, and 75 mg/kg) pretreatment efficiently reduced the production of TNF-α (P=0.042 and P=0.0112, respectively), IL-1β (P= 0.0086 and P=0.0065, respectively) and IL-6 (P=0.0243 and P=0.0083, respectively) in a dose-dependent manner. At the mRNA level, the markedly increased transcripts of TNF-α, IL-1β, IL-6 and NF-κB were detected in the distal ileum from the NEC model rats, whereas AS-IV administration significantly reversed these effects. Furthermore, the TNF-α value in the distal ileum of NEC rats was increased ~2-fold higher compared with the untreated normal distal ileum of the control group (P=0.0026) as well as the IL-1β (P= 0.0073; Fig. 4A and B) . In addition, IL-6 was elevated by >2.7 fold in the distal ileum that was obtained from NEC rats (P= 0.00069; Fig. 4C ). In addition, the results demonstrated that NF-κB values (Fig. 4D) in the AS-IV-treated rats were significantly lower compared with the untreated NEC. Differences were significant between the 25 and 75 mg/kg treated groups (P=0.0312).
Inflammatory parameters. As illustrated in
Effect of AS-IV on the VDUP1/NF-κB signaling pathway.
In order to investigate the change in VDUP1/NF-κB pathway protein expression in the distal ileum following AS-IV treatment, the proteins involved were examined by western blotting. As shown in Fig. 5 , the phosphorylation of IκBα and NF-κB was significantly upregulated in the model group (P= 0.0056 and P=0.0073, respectively). In the AS-IV groups, the protein expression levels of p-IκBα, NF-κB p65 and p-NF-κB were significantly reduced in comparison with the model group. In the AS-IV groups, the protein expression levels of VDUP1 and IκBα were significantly increased compared with the model group, particularly the high dose group (P= 0.049 and P= 0.0039, respectively).
Discussion
To the best of our knowledge, the present study is the first report demonstrating that AS-IV has beneficial effects on an NEC animal rat model, including on oxidative stress and inflammation, which are considered to be important in the intestines during NEC development. The present study illustrated the potential protective effects of AS-IV on NEC rats by attenuating oxidative stress and suppressing inflammation. Its mechanism of action may be via the regulation of the VDUP1/NF-κB signaling pathway.
Oxidative stress, which has a negative effect and is caused by free radicals produced in vivo, is the keystone in multiple lines of evidence converging on the development and genesis of alimentary system disorders. It can cause profound damage to the intestines through dysregulation of the intracellular (25, 26) . In addition, the antioxidant capacity of AS-IV has been considered to be confirm via its beneficial effects on the antioxidant defense system. The results of the present study indicated that after 4 days administration of 25, 50 and 75 mg/kg AS-IV, the levels of MDA and MPO were significantly decreased, with a more evident decrease following the administration of 75 mg/kg AS-IV. In addition, various doses of AS-IV could improve the levels of GSH and SOD in NEC rats, particularly at high doses. This suggests that AS-IV has the potential to inhibit the overall oxidative damage undergone by the intestines in NEC. In conclusion, the data of the present study suggest that AS-IV therapy may protect the intestine against NEC by modulating the oxidative/antioxidative status.
Inflammation is a common event that drives the development of various intestinal changes in patients with NEC. The pathophysiology of NEC involves a complex interaction of inflammatory mediators. The results of previous studies demonstrated the importance of inflammation in intestinal apoptosis and in metabolic memory, and pinpoints 
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the importance of the duration of the reversal in its outcome (27, 28) . NEC has been demonstrated to upregulate various pro-inflammatory mediators during pathogenesis in the intestines, including IL-1β, IL-6, TNF-α, NF-κB and localized inflammatory processes that are considered to be important in the development of NEC (25) . In the present study the levels of TNF-α, IL-1β and IL-6 in the serum were increased compared with the control group. In addition, the mRNA expression levels of TNF-α, IL-1β, IL-6 and NF-κB were determined in the tissue of the intestine. However, the AS-IV-treated distal ileum revealed significantly lower levels of cytokines compared with the non-treated distal ileum. AS-IV has been widely studied for its anti-inflammatory properties in rats (29) . In the present study, three doses of AS-IV (25, 50 and 75 mg/kg body weight) were used. All the doses demonstrated potential protective effects against NEC. However, the 75 mg/kg dose exhibited a marked response against the anti-oxidant and anti-inflammatory parameters, though effects were comparable with the 25 mg/kg body weight-treated group on the remaining parameters. However, the effects were comparable with those of the 25 mg/kg dose in terms of the IL-1β, IL-6, TNF-α and NF-κB expression levels. Furthermore, since a lower dose may induce less potential adverse events, more studies are required to investigate this low dose of AS-IV.
To further characterize the mechanism underlying the AS-IV protective effect on NEC rats, the effects of AS-IV on the activation of the VDUP1/NF-κB signaling pathways were examined. As observed in the results, the level of VDUP1 was nearly recovered to the normal level following AS-IV treatment in the 75 mg/kg dose group. Furthermore, the levels of phosphorylation of NF-κBp65 and IκBα were evidently increased in the model group, and administration of AS-IV impaired phosphorylation of these molecules in a dose-dependent manner. Furthermore, the present results demonstrated that AS-IV was able to significantly regulate the VDUP1/NF-κB signaling pathway in order to protect NEC rats.
In conclusion, AS-IV has beneficial effects in experimental studies of the NEC rats, which are characterized by increased oxidative stress and inflammatory reactions, supporting its clinical use. To the best of our knowledge, the present study is the first to demonstrate that AS-IV therapy has beneficial effects on rat NEC-like injuries by reducing the levels of inflammatory cytokines and improving antioxidant defense. The present results also demonstrated that AS-IV significantly regulated the VDUP1/NF-κB signaling pathway. Thus, AS-IV appears to be a useful adjunct therapy to possibly inhibit the development/progression of NEC, and the lethal complication faced by patients with NEC. 
